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StlIlTlary 

A method is deve loped for determining th e field 
aberrations re sult ing fran specific kinds of manu­
facturing errors. ! Thi s method i s applied to the 
40~m Ld . dipol es under cons id erati on at LBl. and 
a l so to sim ilar ones with 30 and 50 mm Ld. The 
method i s also applied t o the CBA and Doubler/Saver 
magnets a nd th e results compared with the measure­
ments. Th e re sult s obtained by this me thod are a l so 
canpared with those obtained by ass igning id entica l 
errors to the pos ition s of the edges of all th e coi I 
sectors . 

Introduction 

Figure 1 s hows a cross sec ti on of the kind of 
magnet under cons id erati on. 

The coil cross section i s represented by a 
group of cylindr ical sectors (which we ca ll "bl ocks il 

out of habit) with the current dens ity varying as 
1/r, and independent of 9, within each sec tor 
(Fig . 2). For thi s mod e l th e field multipole coef­
ficients (defined later) can be determined analyti­
cally, along with their parti al derivatives with 
resp~c t to rl, r2, 91, and 92, of each sec­
t or. (1) 

The effect of manuf acturing errors on field 
qu a l ity i s det ennined in the f ol l owing way: 

We identify . in t enns tha t are meani ngful to 
( ) magnet des igner s and manufacturers. th e kinds of di­

mens ional error s that can occur in coi 1 manufacture, 
and we assign nllTl er ical va lues to them. These manu­
f ac turing errors ca n be expressed as combinations of 
variations of rl, r2. 91. and 92 of the va­
riou s blo cks . Then, us ing th e partial derivatives. 
we ca l cu lat e th e eff ec t s of the manufacturing err ors 
on the fi e ld multipole coef fic i ents . Finally we 
c01lb ine , in nns fashion. the eff ec t s of a ll of th e 
manufac turing errors upon each fi eld multipo le coe f­
ficient 

Field Representation 

We r epr esent the magnetic fi e ld in the magnet 
aperture in terms of multi po le coef fi c i ents 

cn= an+ibn 

where n is the number of po le pair s associated with 
a parti cul ar field aber rat ion (dipole, n = 1; qua­
drupo le, n := 2, e tc. Note that this nomenclature i s 
different from that used by some others). The term 
an represents a uskewu component (By = 0 for 
y = 0), whil e bn r epr esents a unon-sk ew u component 
(B = 0 for y = 0). The magnitude of the multi­
pofe coefficient is th e magnitude of the correspond­
ing field component at an arbitrary normalizing ra­
diu s p , which we tak e as 10 mrn in thi s study . The 
field. then, ca n be repr esented by the equ at i on 
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B* = B - iB = L: c (z/o)n-l , where z = x + iy 
x y n=1 n 

Application to LBL 40-mm 1. 0. Dipoles 

Co i 1 Dimensions 

In this study , we use the dimensions given in 
Tab l e 1. This represent s a rough approxim ati on to 
the proposed sse dipoles under development by LBL. 

Layer 

1 
2 

No . of 

conductors 

17 
18 

Table 1 

Coil Dimens ions 

r 1 
(mm) 

20. 00 
29.97 

r 2 
(mm) 

29.37 
38.61 

a1 
(d eg. ) 

o 
o 

Th e current i s the silTle in both layers. 

a2 
(deg . ) 

76.855 
42.120 

Relation Be tween Manuf ac turing Errors and Bl ock Di­
mens l0nal Errors 

These relationships are presented in Tab le s 2 
and 3. 

Table 2 shows how a particular manufac turing 
angular error, E, affects th e angle s 91, and 92 
in each quadrant. For exanple, if the upper pol e 
piece i s off center by an angl e £: in the ccw d irec­
t ion (code All), then in quadrants I, 2, 3 , and 4 
respectively. 91 i s increased by runo unt s 1/2 £. 

-1/2 £, 112 £, -1/ 2 £ , and 92 ;s increased b.y 
iITIounts E , -c , O. O. Since thi s error ca n occ ur in 
e ith er the t op or botton pol e piece we say there are 
two "occurrences ". and we add th e effect twice in 
ca l cu l ating the rms values of th e multipol e coeffi­
c i ents. Thi s error could apply t o e ither the inner 
or the ou t er layer i ndependent ly, or to both layer s 
collectively. 

Tab le 3 shows sim ilar data for radial pos ition 
error s . Conceivably th e errors could occur in each 
quadrant independentl y . in a ll f our quadr ants col­
l ective ly . or in pairs of quadrants with var ious 
s ign s . Only t he most li ke ly canbi nat i ons have been 
li sted . 

Manufac turing Errors; Numeri ca l Values 

These are pre sented in Tables 4 and 5 for azi­
muthal and radial errors, respect ively. 

In Tabl e 4, the "case I! des ignation corr espond 
to the "code ll desi gnation of Table 2, with the addi­
tion of aI, 2 , or 3 to designate, r es pec tive ly, the 
inner layer only. the outer layer only, or both la­
yers . 

The detai l s of the ca lcul ation of the effect of 
a difference in the e last ic modulu s are not pre­
sented here. It i s assumed that the nominal e l as ti c 
modu lu s is 2 x 106 ps i , th e precompression hoop 
str ess ;s 20 , 000 ps i, and the e last1 c moduli of the 
upper and l ower halv es d iffer by %5 % fran th e norn i ­
nal value. 



Table 2 

Azimuthal Error Rel ationships 

Multipl iers of < 

Code .°1 .°2 
Number of 

Occurrences 
Quadra nt Quadrant 

1 2 3 4 1 2 3 4 

Upper pole piece 
+ 1 1 + 1 1 

All off center by l - l l -l +1 -1 0 0 2 

angle £: , ccw 

Upper pol e pi ece 1 1 + 1 + 1 A21 too wide by angle - l - l l l -1 -1 0 0 2 

£: on each 5 id e 

Joints between upper 

and lower coi 1 

A35 above horizontal 

centerline by +1 +1 -1 -1 0 0 0 0 2 

angul ar cllIount E 

Tab le 3 

( ) Rad i a 1 Error Re l ationships 

Code Description Multipliers of < Quandrants Numb er of 
inner 1 ayer outer l ayer affected occ urrences 

for one 
occurrence 

.rl .r2 .q .r2 

RIll Upper ha lf of - 1 0 0 0 I, 2 2 
inner coil too 
thick by amount 
< 

R1l2 Upper half of - 1 -1 - 1 0 I, 2 2 
out er co i 1 too 
thick by amount 
< 

R31 Radia l distance +1 +1 0 0 1, 2, 3 , 4 1 
between coi l s too 
smal l by amount (; 

R41 Outer radius of +1 +1 +1 +1 4 
outer co il di s-
pl aced outward 
by iItlount (: 

R4 2 Same as R41 +1 +1 +1 +1 1, 2, 3, 4 1 
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Serial 
No. 

Pole Piece Centering 

Tabl e 4 

Azimuthal Manufacturing Errors 

Case Multiplier, 
radians 

1 Fit of key in keyway 

2 
3 

4 
5 

6 
7 

8 
g 

10 
11 

12 
13 

Ser i al 
No . 

14 

15 

16 

17 

18 

19 

Both layers: .001" at r = 42 . 0 mm A1l3 6 . 05xI0-4 

Thickness of pole-pi ece-to-coil in sul. 

Inner layer: .0005" at r = 24.7 mm Al11 5 .14 xl0-4 
3.70xl0-4 Outer 1 ayer: .0005" at r = 34 .3 mm A1l2 

Die and punching tolerances 
Inner layer: .0005" at r :: 24.7 mm 
Outer layer: .0005" at r :: 34 . 3 mm 

Pole Pi ece Width 

Thickness of pole-piece-to-co11 1n5u1. 
Inner layer : .0005" at r :: 24 . 7 mm 
Outer layer: .0005" at r :: 34.3 mm 

Die and pun ching tol erances 

Inner layer: .0005" at r = 24.7 mm 
Outer l ayer : .0005" a t r s 34. 3 mm 

Midpl ane Registration 

Aill 
A1l 2 

A211 
A21 2 

A2 11 
A212 

5.14xl0-4 
3.70xl0-4 

5 .14xl0-4 
3.70xl0- 4 

5.14xl0-4 
3 . 70xl0-4 

Elastic modulu s (difference, 
Inner layer: ±5% 
Out er layer: ±5% 

top t o bottom) 

A351 
A352 

6.7xlO-4 
3.7xlO-4 

Azimuthal wid t h of coil (difference, t op 

Inner layer: .002" at r = 24.7 mm 
Outer layer : .00211 at r = 34 .3 mm 

Tab l e 5 

to bottom) 

A351 20 .6xl0- 4 
A352 14.8xl0-4 

Radial Manufact uring Errors 

Pole pi ece centering 

Layer thickness 

Inner layer: 

Outer 1 ayer : 

Interlayer in su l. thi ckness 

Coil-to- iron insul. thickne ss 

Different for each quadrant 

Same f or all quadrants 

Di crneter of hol e in iron 

Code 

Rill 

RIl2 

R31 

R41 

R42 

R42 

3 

Multiplier, 
inches/meters 

.002/5.08.10-5 

.002 /5.08xlO-5 

.0005 /1. 27xl0-5 

.0005/ 1. 27xlO- 5 

.0005 /1 .27xl0-5 

.0005 /1. 27xl 0-5 

No . of 
Occ urrences 

2 

2 
2 

2 
2 

2 
2 

2 
2 

1 
I 

1 
1 

No. o f 
Occ urrences 

2 

2 

1 

4 

1 

1 
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Effects of Individual Manufacturing Errors on Multi­
pole CoefflClents 

These are presented in Tables 6 and 7, respec­
tively, for azimuthal and radial errors . 

Combi ned Effects of Manufacturing Error s on Multi­
pole Coeff lClents 

These are presented in Table 8. 

Effect of Coil In s ide Oiameter on Field Quality 

Table B s hows results for LBL-type magnets of 
30 and 50 mm i.d., in addition to the proposed 
40-mm-i.d. design. For these magnets , all radii 
have been decreased or increased by 5 m1l1, while co; 1 
thi ckne sses , coil-te-iron spacing, and block edge 
angles have been maintained. The manufacturing er­
rors used are the s ane as tho se of th e 40-mm-i .d . 
design; they have not been scaled in proport ion to 
th e co il di an eter. 

There are no surpri ses ; the results are about 
what one would get by simply sca ling with coil av er­
age radius. 

Tab Ie 6 

Serial 
No. 

2 

3 

4 

5 

6 

7 

B 

9 

10 

11 

12 

13 

Case 

'" " '': 
'" .., 
" '" u 

'" u 

'" ;;: , 
'" '0 
0. 

~ .., 
"U 

3 

'" u 

'" 0. , 
'" ~ o 
0. 

" o 

'" '" '" 
'" " .. 
0. , 
"U 

'" 

Effec t s of Individual Manufac turing Errors on Field Quality: 
Azimutha l Errors 

Nonmalized mult1pole coefficients 

Fit of key in keyway 

Thickness of pole­
pi ece-to-coil insulati on: 

Inner layer 

Outer l ayer 

Punching tol erance: 
Inner layer 

Outer 1 ayer 

Thickness of pol e­
pi ece-to-co il insulation: 

Inner layer 

Outer layer 

Punching tolerance: 

Inner l ayer 

Outer 1 ayer 

Rea 1 or 
Imaginary 

R 
I 

R 
I 
R 
I 

R 
I 
R 
I 

R 
I 
R 
I 

R 
I 
R 
I 

Elastic modulu s tolerance: 

Inner 1 ayer 

Outer 1 ayer 

Azimuthal co i 1 width: 

Inner layer 

Outer layer 

R 
I 
R 
I 

R 
I 
R 
I 

4 

6.05 
o 

2.33 
o 

2.02 
o 

o 
2 .59 

o 
.7 5 

o 
o 
o 
o 

o 
o 
o 
o 

o < . 01 
1.50 0 

o 
.98 
o 

.21 

. 25 
o 

.17 
o 

o 
.04 

o 
.11 
o 

.06 

Salle as above 

.37 
o 

.79 
o 

1.37 
o 

. 26 
o 

4.20 
o 

1.05 
o 

o 
.09 
o 

.17 

.10 
o 

.01 
o 

Sane as above 

o 
o 
o 
o 

o 
o 
o 
o 

.02 
o 

.02 
o 

.07 
o 

.09 
o 

.01 
o 

.02 
o 

< .01 
o 

o 
. 05 
o 

.01 

o 
o 
o 
o 

o 
o 
o 
o 

o 
.01 

o 
< .01 

o 
<.01 

.02 
o 

< .01 
o 

< . 01 
o 

< .01 
o 

.03 
o 

< .01 
o 



n 
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Seri a 1 
No. 

14 

15 

16 

17 

18 

19 

Table 7 

Effects of Individua l Manufacturing Errors on Filed Quality: 
Radia l Errors 

Nonnal ized multipole coeffiecients 

Ca se 
Real or 

,C
l 

,C
2 

,C
3 

,C
4 

,C
5 

Imagi nary C[ C[ C[ C[ C[ 
xl04 xl04 xl04 xl04 xl04 

Layer th ickness to 1. 

Rll1 Inner 1 ayer R 0 2.99 0 .14 0 
I 2 . 60 0 .59 0 .01 

R112 Outer 1 ayer R 0 5.42 0 . 38 0 
I 5.12 0 .73 0 .08 

R31 Interlayer insulation R 0 0 0 0 0 
thickness I 1.1 0 .23 0 . 02 

Coll-to-i ron insul at ion 
thi ckness 

R41 Oifferent in R . 97 1.42 .64 .12 .03 
each quadrant I 1.38 .51 .16 .10 .02 

R42 Same i n R 0 0 0 0 0 
all quadrants I 1.4 0 .16 0 .02 

R42 Radius of hole R Same as Ser; al No. 
in iron I 

Tab l e 8 

Comb ined Effects of Manufacturing Errors on Field Quality 

multi pole 

0~1n 

2 
3 
4 
5 
6 
7 
8 
9 

10 

30 

13. E-4 
16. E-5 
12. E-5 
15. E-6 

8 . 1E-5 
15. E-6 
29 . E-6 
18. E-7 
31. E-7 

Normalizing radius = 10 mm 

RMS values 
nonnal lzed 

Real , an 
(skew) 

40 

7.906£-4 
7.655E-5 
4.621E-5 
4 . 474E-6 
1.719E-5 
2.390E-6 
3.427E-6 
1.813E-7 
2.165E - 7 

(1)1 : dipole, 2 : quadrupole, etc. 

of multi pole coefficients~ 
to nominal dipole field 

Imagi nary, bn 
(non-skew) 

Coil ins ide dianeter, mm 

50 30 40 

5.2E-4 3.2E-4 2.134E-4 
4.3E-5 2.3E-4 1. 042E-4 
2.2E-5 5.6E-5 2. 117E-5 
1.8£-6 4.9E-5 1.306E-5 

.5E-5 14. E-6 2.938£-6 

.6E-6 9. E-6 1.522E-6 

.7E-6 42. E-7 5.21IE-7 

. 3E- 7 73. E-7 6.564E-7 

. 3E-7 1.294E-7 1.294E-7 

18 

,C
6 

C[ 
xl04 

.09 
0 

.14 
0 

0 
0 

.04 

.02 
0 
0 

50 

1 . 6E-4 
. 6E-4 

1. 0E-5 
.5E-5 
. 9£-5 
.4E-6 

1.0£-7 
1.0E-7 

.2E-7 

Application of the Method to CBA 
and Doubler/Saver Ma9net s 

The method presented here has been appl led to the 
eGA and Doubler/Saver dipoles. The numeri cal values 
for the manufacturing errors are the Stille as tho se 
used for the lBL magnets; they are not scaled to the 
magnet size . 

A certain amount of fudging had to be done in the 
interest of saving time. For exanple. the C8A mag­
nets have two blocks per layer; the representation 
used here was one block per layer with the Doublerl 
Saver block angles. 

5 
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The cal cu l ated results, together 
mental results frOOI Erich Wi ll en 's 
presented i n Tab les 9A and 9B . 

with exper i ­
paper(2), are 

Except for the quadrupo le terms for the Doub l er/ 
Saver magnetrs I the agreement is remarkably good I 

cons i deri ng that the inputted data for the manufac­
turing errors were simply educated guesses . The quad 
tenns are turned out by shirrm;ng so the disagreanent 
is understandab l e . 

Campari son of Two Methods 
for Fle ld Aberratlon Ca l cu lation 

For the 40-mm-i .d. LBL magnet, we a l so ca l cu l ate 
the fie l d aberrations by the fo l lowing simpler method: 
Each of the four edges of each of the eight bl ocks is 
assigned an error (the sane value for all edges), 
There is no simple re l at i on between such errors and 
the manufacturing errors, and the conditions of COO1-
patibi11ty of the errors is violated . Nevertheless 
it i s a useful method, and a canpar i son with the 
meth od of this report ;s of interest. The comparison 
of the resu l ts of the two methods is presented in 
Tab l e 10. The results were fudged to make the rms 
sums of both the an and bn terms the same for the 
two methods, which corresponds to an error in all 
block edge positions of 0.0018 inches. 

About all that can be said of the results for 
certain is that they are different, by as much as a 
factor of 5 for sane canponents . 

Conclusions 

() 
Th e identification of manufacturing errors, and 

the assignment of numer i cal val ues to those errors. 
are the resu l t of Ueducated guesses ll by the author, 
and of course the accuracy of the final results in 
directl y affected by those errors. Obviously, those 
numbers shou l d be refined . 

The method used here ident i fies particular field 
aberrat i on effects with particular manufacturing er­
rors. and can therefore serve as a bas is for speci fy­
ing tolerances, or altering the design or manufactur­
ing methods. Simply making everything "as good as 
poss i bl e" or li to one mi l" might be prohibitively ex­
pensive. 

Table 9A 

Comparison of Calculated and Meas ured Fi e l d 
Aberrations: CBA Di po 1es 

an bn 
n Ca l c. Nea s . Cal c. Meas . 

2 9.1E-5 > 5.0E-5 3.6E-5 > 2.0E-5 
3 3.1£-6 '" 3 .IE-6 2 .9E-6 < 8 .1£-6 
4 9.9E - 7 '" 9.4E-7 3.6E-7 '" 3. 5E-7 
5 2.2E-B < B. OE-B 5.7E-B > 2.7E-7 
6 2.2E-8 '" 2 .4E-8 5.1E- 9 < 1.8E-8 
7 1.6E-9 < 4 . 1E-9 1 . 5E - 9 < 4.1E-9 
B 8.2E - IO 1.4E-I0 
9 3.2E-11 6.9E - 11 

10 2.6E-13 5.2E-12 

6 

Tab l e 9B 

Conparison of Calcu l ated and ~asured Fie l d 
Aberrations : Doubl er/Saver Oipo 1es 

an bn 
n Ca l c. Meas. Ca l c. Meas. 

2 3.8E-4 » 2.0E-5 7.2E-4 » 1 .9E-5 
3 2.4E-5 > 1.1£-5 I . IE-4 < 4 .1£-5 
4 1.1E- 5 '" 8 .9E-6 1.9E-5 > 4.7E-6 
5 4 .IE-7 < 1.IE-6 2.7E-6 " 3.2E-6 
6 6.4E-7 " 5.2E-7 7.7E - 7 < 3.0E-7 
7 7 .1E-B» 1. IE- 8 1.lE-7 < 2.0E-7 
8 6.6E-B > 3.BE-8 7.6E-B > 2. 5E-8 
9 4.2E-9 < 2.4E-8 1. 2E-8 > 1. 9E-9 

10 5.4E-9 < B.6E - 9 9 . 2E-9 > 5.3E-9 

Tab l e 10 

Comparison of Two Methods for Ca l cu l at i ng 
Effect of Dimensional Errors on Field Aberrations 

an (real ) bn (imag.) 

method* method* 
n I 2 1 2 

2 7.9E-4 6.0E-4 2 . IE-4 4.7E-4 
3 7.7E-5 24. E-5 1. 0E-4 1.9E-4 
4 4.IE - 5 5.1E-5 2 .1E-5 8 .4E-5 
5 4.5E- 6 10.9[-6 1.3E-5 2.6[-5 
6 1.7E-5 1.1E-5 2.9E-6 10.7E-6 
7 2.4E-6 6.1£-6 1. 5E-6 5.5E- 6 
B 3 . 4E-6 2.8E - 6 5 . 2E-7 25 . E-7 
9 1.1£- 7 3 .1£-7 6.6[-7 11.4[-7 

10 2.2E - 7 2 .6E-7 1. 3E-7 4 . 3E-7 

'Method I is the method descr ibed in the Introduc­
t ion . Method 2 app1 ies a .00181- inch error to al l 
block boundary positions . 

References 

1. Math Backup for LBL-17050, R. Meuser , LBL Engin­
eering Note 6208, Jan. 19B4. 

2. Magnetic Imperfections, Eric Wil l en. In these 
proceed ings. 



n POLE P IE:C E ~~ ____ -

Fig. 1 Schematic cross section of LBL 
dipole mag net for th e CBA . 
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r; 

Fig. 2 Nomenc lature for coil current block 
outline dimensions. 
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